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• C warmer than the water below and this gives rise to a thermocline along which IWs can travel. The same is true-year-round-in the tropical ocean, where the mixed top layer (100-200m) is more buoyant than the deeper, denser water. IWs are therefore important for understanding the evolution of the climate system, i.e., they are thought to play an important role in determining the near-surface sea temperature structure and air-sea exchange processes. Furthermore, IWs are highly nonlinear features that can exceed 100m in height (vertical peakto-trough distance) and that resemble solitary waves (solitons) with a permanent form (because of a balance between nonlinear cohesive and linear dispersive forces in the water). 1 They are thus also known as internal solitary waves (ISWs), i.e., often appearing as trains or packets of waves whose individual periods can exceed 30 minutes (and whose wavelengths are typically 3-10km, in tropical seas). Although ISWs travel in the interior of the ocean as disturbances of density, they are not associated (to the first order) with an elevation or depression of the sea surface (i.e., they cause a maximum elevation/depression of the surface of only a few tens of centimeters). It is therefore difficult to detect ISWs with standard satellite altimeters. The first space-based observations of ISWs were made from color photographs (obtained during the 1975 Apollo-Soyuz mission), which showed 100km-long stripes on the ocean surface. 2 Satellite radar imaging of the sea surface, however, allows much better identification of ISWs. In such data sets, the ISWs appear as bright and dark bands on the gray radar clutter. This is a result of the enhanced and reduced roughness produced by convergent and divergent surface currents that interact with the surface waves (see Figure 1) . 3 Conventional satellite radar altimeters are known for their extraordinary ability to measure 
From top to bottom, the top profile is a synthetic aperture radar (SAR) intensity profile along the IWs, where bright, enhanced backscatter (b) precedes dark, reduced backscatter (d) in the direction of propagation. The next profile is a surface roughness representation that indicates how rough (r) and smooth (s) the surface is along an IW train. The third profile depicts the surface current variability that is induced by the IWs, i.e., an indication of convergence (conv) and divergence (div) fields near the surface. The bottom profile shows the density perturbation produced by the IW propagation.
sea surface height anomalies (on the order of a few centimeters). These nadir-pointing instruments, however, provide along-track measurements with ground spatial resolution of only about 10km.
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A new generation of altimeters-such as those on the Jason-2/Jason-3 satellites-operate at higher measurement rates (20Hz) than the conventional instruments. The new altimeters therefore offer better effective spatial resolution (about 300m). In our work, 4 we have shown that it is theoretically possible to detect ISWs from a number of short-period signatures within the new high-resolution data sets. There are two factors that need to be considered for such detection of a measurable signal from the surface roughness manifestations of short-period IWs. First, it is theoretically predicted that differential scattering from the dual-band Jason-2/3 altimeter should be useful for isolating the contribution of small-scale surface waves to mean-square slope variations that are caused by ISWs. 5 Current re-tracking algorithms (based on the Brown model 6 ), however, may generate unphysical artifacts in response to inhomogeneities in backscatter strength. 7 • from true north (TN).
Figure 3. (a) Radargram showing the along-track IW signatures in high-rate (20Hz) altimeter data from Jason-2 (J2) sensor geophysical data records (SGDRs). (b) Along-track normalized backscatter (sigma0) radar altimeter perturbations in the Ku-band. (c) Modulation of the instrument's off-nadir angle. (d) Significant wave height (SWH) profile.
Our observation method for the unambiguous recognition of ISWs is a synergetic approach in which we deal with synthetic aperture radar (SAR) and other high-resolution imaging sensors. 4 We obtain the mean-square slope directly from normalized backscatter (sigma0) along-track records. In addition, we use differential scattering from the dual-band (Ku-and Cbands) microwave pulses of the Jason-2 high-rate radar altimeter to identify ISWs in the along-track data records. We also propose a new method for the identification of ISWs in high-rate radar altimeter records. For this, we combine along-track differenced mean-square slopes across ISW crests and we edit the waveform shape variation.
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To validate our methodology, we have examined quasicoincident (in time and space) SAR images of ISWs in various deep-ocean regions. For example, at 02:44 UTC on 24 August 2008, Jason-2 overpassed the South China Sea (pass 088, cycle 005) to the west of the Luzon Strait, where large-amplitude ISWs are known to be generated. 8 An image from the Envisat Advanced SAR instrument (acquired at 02:07 UTC) for the same location-see Figure 2 -reveals a large ISW train propagating to the west, with wavefronts that extend for at least 200km across the Jason-2 data ground track (red line in Figure 2) .
We also show the geophysical parameters obtained from the altimeter's sensor geophysical data records (SGDRs) in Figure 3 (for the same time period/location). Of particular interest-see Figure 3 (b)-are the along-track radar altimeter backscatter perturbations (in the Ku-band) between 20.8 and 21.4
• N that coincide with a SAR signature of ISWs. These signatures also coincide with parabolic-like signatures in the radargram and with a significant modulation in the off-nadir angle, as seen in Figure 3 (a) and (c), respectively. We also note two peaks in the significant wave height (SWH): see Figure 3 (d). This kind of synergetic analysis provides strong observational evidence of ISWs in the different altimeter geophysical parameters, i.e., the apparent 'off-nadir angle,' sigma0 (retrieved from the maximum likelihood estimator algorithm version 4, MLE4), and SWH (also retrieved from MLE4). In addition, our analysis of the altimeter radargrams reveals parabolic-like features (sometimes called v-shaped features) that are associated with short-scale sigma0 events and that can be modeled as sigma0 Dirac anomalies. 7 In summary, we have developed a new, synergetic observation approach for the identification of internal solitary waves in the ocean from high-rate satellite altimeter data. Our results illustrate that oceanographers interested in short-period internal wave signals may find useful information in the 20Hz-rate Jason-2/3 altimeter products currently being generated, or in forthcoming data sets from Sentinel-3 and AltiKa. In our future research we plan to look at Sentinel-3 Ku/C Radar Altimeter (SRAL) data, which will be acquired in exact synergy with ocean color data from the Ocean and Land Colour Instrument (OLCI). The OLCI and SRAL radar altimeter data will thus be acquired simultaneously over the same ground tracks andduring cloud-free conditions-provide an exact match between the altimeter and optical images. We also plan to use Jason-3 altimeter data to develop a new method for automatic detection of short-period internal waves in radar altimeter data. José da Silva is an associate professor. He holds a PhD in oceanography from the University of Southampton, United Kingdom. His research interests involve many aspects of satellite oceanography, in particular small-scale processes such as internal waves.
